The role of a ceramics glaze is to improve the chemical, physical, mechanical, and decorative natures on the surface of unglazed pottery.
Introduction
The role of a ceramics glaze is to improve the chemical, physical, mechanical, and decorative natures on the surface of unglazed pottery.
The water-leaching process has been generally applied to treat ceramics glaze raw materials of natural origin such as feldspar, woods-ash, and straw-ash. The water-leaching process is widely recognized as a key-point technology required to prepare high-quality ceramics glaze raw materials. In this treatment process, the monitoring of the physical characteristics like particle size and the chemical characteristics like concentrations of inorganic ions, pH, alkalinity and electrical conductivity of the water-leaching process for the ceramics glaze raw materials is absolutely essential. [1] [2] [3] [4] However, at present, the water quality monitoring of water-leaching process has not yet carried out because of unsimple, convenient, and practical analytical methods.
Ion chromatography (IC) including ion-exclusion chromatography (IEC) is widely recognized as an effective way for determining some common anions and cations as the water quality parameters in several environmental and industrial practical samples. [5] [6] [7] [8] [9] [10] In previous papers, it has been reported that the simultaneous ion-exclusion/cation-exchange chromatography (IEC/CEC) and the IEC by conductometric detection are useful monitoring methods for the simultaneous determination of anions, cations and alkalinity commonly found in the water-leaching process for the ceramics glaze raw materials. 9, 10 The simultaneous IEC/CEC of the common anions such as sulfate, chloride and nitrate ions and cations such as sodium, ammonium, potassium, magnesium and calcium ions were performed using a polymethacrylate-based on a weakly acidic cation-exchange resin in the H + -form as the separation column and 7 mM tartaric acid and 3.5 mM 18-crown-6 as the eluents. On the other hand, the IEC on the polymethacrylate based on a weakly acidic cation-exchange resin in the H + -form as the separation column has been also applied for the selective determination of bicarbonate ion (alkalinity) by elution with water. These IEC/CEC and IEC methods have been applied successfully for the water quality monitoring of various waterleaching ceramics glaze raw materials.
Both phosphate and silicate ions in the ceramics glaze raw materials are recognized to be very important substances to characterize the surface state of the ceramics glaze. 11, 12 In general, the colorimetric methods using molybdate salt to form molybdenum-yellow or blue at acidic conditions have been used to determine phosphate or silicate ions. 13 The selective and simultaneous ion-exclusion chromatography (IEC) with UV-detection on a weakly acidic cationexchange resin column in the H + -form (TSKgel Super IC-A/C) was developed and applied for the simultaneous determination of phosphate and silicate ions as the water quality parameters required for optimizing the water-leaching process for ceramics glaze raw materials of natural origin including feldspar, woods-ash, and straw-ash. Phosphate and silicate ions in these water-leaching process water samples were separated selectively from the coexisting anions such as sulfate, chloride, nitrate and carbonate ions, based on the ion-exclusion separation mechanism. They were detected selectively and simultaneously by a postcolumn derivatization with molybdenum-yellow using the UV-detector. Under the optimized separation and detection conditions (eluent, 0 -1 mM sulfuric acid; reactant, 10 mM sodium molybdate-25 mM sulfuric acid; detector, UV at 370 nm; temperature, 45˚C), the linearity of calibration was in the range 0.1 -10 ppm for both phosphate and silicate ions, and the detection limits at S/N = 3 were 2.58 ppb for silicate ions and 4.75 ppb for phosphate ions. The effectiveness of this method was demonstrated in practical applications to the water-leaching process for some ceramics glaze raw materials. impossible because the same adsorption spectra appear when applying the colorimetry. Furthermore, the colorimetry is an inconvenient, time-consuming, and complicated procedure. We have reported previously that it is possible to separate phosphate and silicate ions by the IEC using water or acidic water as the eluents. 14 However, in the IEC with conductivity detection by eluent with water or acidic water, the detection sensitivity is extremely low only for silicate ion, because the silicate ion is non-ionized (pKa = 9.9) and the phosphate ion is ionized (pKa = 2.1).
The purpose of this study is to develop a selective and simultaneous method for determination of phosphate and silicate ions and to demonstrate the usefulness of the IEC by UV-detection in practical applications to the water-leaching process waters. In this work, the IEC with UV-detection at 370 nm on a weakly acidic cation-exchange resin column in the H + -form is developed using water or water-sulfuric acid as the eluent. The method is also applied for the selective and simultaneous determination of phosphate and silicate ions in the water-leaching process for the same ceramics glaze raw materials.
As a result, the effectiveness of this simple and convenient water quality monitoring way using the IEC by UV-detection was demonstrated in practical application for the simultaneous determination of phosphate and silicate ions for the naturaloriginated ceramics glaze raw materials such as feldspar, woods-ash, and straw-ash under the different water-leaching treatment conditions.
Experimental

Ion chromatograph
The schematic diagram of the simultaneous IEC using a postcolumn derivatization system equipped with a UV-detector is illustrated in Fig. 1 . The ion chromatograph used in this work consists of a Tosoh LC-8020-II chromatographic data processor, a DP-8020 dual pump operated at 0.4 mL/min for eluent and 0.2 mL/min for reactant, a SD-8022 online degasser, a CO-8020 column oven operated at 45˚C, equipped with a 100 µL loop injector, and an UV-8020 UV-detector.
Rigaku ZSX and RIX-2100 X-ray fluorescence spectrometers were used to determine the relative concentrations of Si, Al, Fe, Ti, Ca, Mg, K, Na, Mn, P, and C in the ceramics glaze raw materials of natural origin before and after water-leaching treatment.
Traditionally, molybdenum-blue after chemically reducing molybdenum-yellow has been applied for the FIA method to determine simultaneously and detect phosphate and silicate ions with high sensitivity. 15 However, the molybdenum-blue method is complicated and time-consuming. Therefore, in this work, the molybdenum-yellow method that is simple and convenient was applied for the simultaneous determination of phosphate and silicate ions. When we combined the molybdenum-yellow method with the ion-exclusion chromatography, the values of detection limits were reasonable for both phosphate and silicate ions, as mentioned in the section about "Analytical performance characteristics".
IEC using postcolumn derivatization system with a UV-detector
The separating column used in this study was a polymethacrylate-based weakly acidic cation-exchange resin in the H + -form, Tosoh TSKgel Super IC-A/C (3 µm particle size, 0.1 meq./mL cation-exchange capacity, 150 mm × 6 mm i.d.). The selective detection for both phosphate and silicate ions was carried out using a postcolumn derivatization system with sodium molybdate as the color-forming reactant, and sulfuric acid. The reaction coil consisting of PEEK tubing for mixing the eluent and the reactant was inserted between the separation column and the UV-detector. It is well-known that both phosphate and silicate react with molybdate under acidic conditions to form [PMo12O40] 3-and [SiMo12O40] 4-. Figure 2 shows a schematic illustration for water-leaching system of ceramics glaze raw materials. Each of several natural originated ceramic glaze raw materials such as feldspar, woodsash, and straw-ash (average particle size: <250 µm) were packed into a polycarbonate resin column (9 mm i.d. × 300 mm long) using a dry-packing method. Water-leaching solution at 1 mL/min was pumped through the column. Samples from the column effluents were collected every 10 -50 mL and injected into the ion chromatograph.
Water-leaching treatment system
Chemicals
All chemicals were of analytical reagent grade and were purchased from Wako (Osaka, Japan). Standard solutions, and eluents, and reagents were prepared with distilled and deionized water. Each standard stock solution for phosphoric acid (1000 ppm as P) and for sodium silicate (1000 ppm as Si) for calibration purposes was dissolved with distilled and deionized water. Sulfuric acid and sodium molybdate were used as the reactants to form molybdenum-yellow.
Results and Discussion
Optimization of ion-exclusion chromatographic separation of silicate and phosphate ions
In conventional IEC, a strong acid such as sulfuric acid and methansulfonic acid has been commonly used as an eluent to separate weak acid anions from strong acid anions. 5 In this work, water or diluted sulfuric acid was used to separate phosphate and silicate ions by the IEC. Figure 3 shows the effects of the concentration of sulfuric acid in the eluent on the retention times as well as on the UV-
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ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 Fig. 1 Schematic illustration of ion-exclusion chromatography coupled with postcolumn derivatization system. 1, Eluent pump; 2, reactant pump; 3, injector; 4, separation column; 5, reaction coil; 6, UV-detector (370 nm). Fig. 2 Water-leaching system for ceramics glaze raw materials in natural origin. 1, Leaching water (1 mL/min); 2, pump; 3, leaching column packed with raw materials (Fukushima feldspar, woods-ash and straw-ash); 4, sampling (10 -50 mL each).
detector responses (peak area) for phosphate and silicate ions. The retention time of phosphate ion somewhat increased by increasing the concentration of sulfuric acid and that of silicate ion decreased slightly by increasing the concentration of sulfuric acid, due to the ion-exclusion mechanism. The UV-detector responses for both phosphate and silicate ions remained almost unchanged on increasing the concentration of sulfuric acid. From the above results, we judged the optimized concentration of sulfuric acid in the eluent to be 0 -1 mM.
Optimization of UV-detection of phosphate and silicate ions after ion-exclusion chromatographic separation
The optimization of UV detection after ion-exclusion chromatographic separation is important for the simultaneous determination for both phosphate and silicate ions. Figure 4 shows the effect of the concentration of sulfuric acid in the color-forming reactant containing 7.5 mM sodium molybdate. The result obtained showed that the detector response for phosphate ion remains almost unchanged while increasing the concentration of sulfuric acid in the reactant, whereas that for silicate ion remarkably increased due to increasing the concentration of sulfuric acid. The highest and steady detector responses for both phosphate and silicate ions were obtained at the concentration of ca. 25 mM sulfuric acid. Therefore, the optimized concentration of sulfuric acid in the reactant was judged to be 25 mM. Figure 5 shows the effect of concentration of sodium molybdate in the reactant containing 25 mM sulfuric acid on the detector responses of phosphate and silicate ions. The detector response for phosphate remains almost unchanged while increasing the concentration of sodium molybdate in the reactant, whereas that of silicate ion increased remarkably due to increasing the concentration of sodium molybdate. The highest and steady detector responses for both phosphate and silicate ions were obtained at the concentration of ca. 10 mM sulfuric acid.
Therefore, the optimized sulfuric acid concentration was judged to be 10 mM.
The optimized reaction coil length was studied between 2 -8 m in terms of the peak resolution and the detector responses for both phosphate and silicate ions. As a result, the peak resolutions between phosphate and silicate ions were almost unchanged. However, the detector response of phosphate ion decreased by increasing the length of reaction coil (or increased reaction time). On the other hand, the detector response of silicate ion increased by increasing the length of the reaction coil. These results suggest that the reaction speed for both phosphate and silicate ions to molybdate under acidic conditions are strongly dependent on the reaction time. Therefore, the 6 m of reaction coil was judged to be reasonable in order to detect simultaneously both phosphate and silicate ions with high sensitivity, as shown in Fig. 6 . Figure 7 shows the effect of eluent flow rate on the detector response for both phosphate and silicate ions. The detector response of phosphate ion increased gradually on decreasing the eluent flow rate ranging 1.2 -0.3 mL/min. Similarly, that of silicate ion increased remarkably by decreasing the eluent flow rate. These results mean that the complex reaction speed of Por Si-molybdate is relatively slow at the acidic conditions. Therefore, a much lower eluent flow rate is concluded to be necessary for obtaining highly sensitive UV-detection for both phosphate and silicate ions.
When considering the increased detection sensitivity and the increased peak resolution and the separation time at the lower eluent flow rate, the optimized eluent flow rate was judged to be approximately 0.4 mL/min for the simultaneous IEC 119 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 Good simultaneous IEC separation of phosphate and silicate ions under the optimized separation and detection conditions was achieved, as shown in Fig. 8 .
Analytical performance characteristics
When plotting the peak area against the concentration of phosphate and silicate ions at the optimized elution conditions, we obtained linear calibration graphs in the concentration ranges 0.01 -10 ppm (r 2 = 0.9994 for phosphate ion and 0.9991 for silicate ion).
The lower detections limit calculated at S/N = 3 was 4.75 ppm for phosphate ions and 2.58 ppm for silicate ions.
In the 5-times repeated chromatographic runs, the reproducibility of retention times of phosphate and silicate ions (each for 0.01 ppm) at the optimized elution conditions was 0.12% and 0.14% relative standard deviation (RSD), respectively, and those of peak areas were 0.58% and 0.24% RSD.
Application to water quality monitoring of water-leaching process for ceramics glaze raw materials
It is well-known that the surface states of common ceramics glaze, including melting, coloring, transparency, gas-or liquid permeability, and porosity, are strongly affected according to the characteristics and the contents of basic components like alkali and alkaline earth metals, acidic components like silicate and phosphate, and an intermediate component like alumina. 16, 17 Therefore, monitoring the acidic components such as silica (silicate ion) and phosphate ion are pretty important for the water-leaching process control for the ceramics glaze raw materials of natural origin. Table 1 shows the analytical results of the some ceramics glaze raw materials of natural origin before and after the waterleaching treatment obtained using X-ray fluorescence spectrometry. Such data provide extremely important and useful information to characterize the nature of the ceramics glaze raw materials.
As can be seen clearly from Table 1 , the main and significant components for the ceramics glaze raw materials tested were Si and Al as an anionic component and K and Na as a cationic component for feldspar as well as Si and P as the anionic 120 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 component and Ca, Mg and K as the cationic component for both woods-ash and straw-ash. That is to say, the feldspar mainly contains the soluble-silicate (potassium silicate or sodium silicate etc.). On the other hand, both woods-ash and straw-ash mainly contain the soluble-silicates (potassium silicate etc.) and the soluble-phosphates (potassium phosphate etc.).
The IEC technique by UV-detection under the abovementioned optimized separation conditions was applied to the simultaneous determination of silicate and phosphate ions in some practical samples as of water-leaching process water samples that include feldspar, woods-ash, and straw-ash. When the feldspar sample solution from the water-leaching process water was injected onto the separation column, a chromatogram consisting of only silicate ion was obtained, as shown in Fig.  9(A) . The main reason for the absense of a phosphate ion peak is because feldspar of natural origin is mineralogically contains no phosphate salt, as shown in Table 1 .
However, when the woods-ash and the straw-ash sample solutions from the water-leaching process waters were injected onto the separation column, chromatograms consisting of both phosphate and silicate ions peaks were obtained, as shown in Figs. 9(B) and (C) . The main reason for the appearance of both peaks of phosphate and silicate ions is because of the digestion of phosphate and silicate ions as nutrients in soil, as shown in Table 1 .
When spiked practical samples were injected onto the separation column, a good chromatogram of high-resolution separation for both phosphate and silicate ions was obtained and the recovery was approximately 100%, the effectiveness of this method thus was demonstrated.
From the above results, the IEC process with UV-detector was concluded to be effective, simple and convenient as a water quality monitoring method to clarify and optimize the waterleaching process for some ceramics glaze raw materials of natural origin.
Conclusion
The IEC by UV-detection at 370 nm was applied for determining simultaneously and selectively phosphate and silicate ions in the water-leaching process water samples under the optimizing separation and detection conditions: (eluent, 0 -1 mM sulfate acid; reactant, 10 mM sodium molybdate-25 mM sulfuric acid). The effectiveness of the present method for the simultaneous determination of phosphate and silicate ions was demonstrated in the practical applications of the water-leaching process waters to some ceramics glaze raw materials of natural origin.
